Abstract. The classic Marcus electron transfer reaction model demonstrated that a barrierless electron transfer reaction can occur when both the reactant and product have almost similar solvation environment. In our recently developed proton model, we have incorporated the pre-solvation concept and showed that it indeed facilitates the proton diffusion in aqueous solution. In this work, we further quantify the degree of pre-solvation using different structural parameters, e.g., tetrahedral order parameter, average numbers of hydrogen bonds. All the above said parameters exhibit a very strong correlation with the proton share parameter. The more Zundel-like configurations have almost identical solvation environment for both the water molecules and support the presolvation concept. However, in the case of Eigen-like configurations, the central hydronium and "special pair" water have distinctly different solvation structures.
Introduction
The aqueous transfer or "shuttle" of a hydrated excess proton between water molecules is extremely important to explore many important processes involved in biological [1] [2] [3] [4] and energy systems. [5] [6] [7] [8] In aqueous solution, an excess proton can interact with the surrounding water in a very fast time scale. The interaction strength can span continuously between a strong covalent interaction and a weaker hydrogen bond, which leads to the delocalization of excess positive charge defect. These excess proton water solvation structures can be by and large defined by a continuous evolution of different transient configurations within two limiting forms, the Eigen cation 9 (hydronium solvated with three water molecules) and Zundel cation 10 (proton equally shared between two water molecules). The fast transport of excess charge in case of the aqueous hydrated excess proton occurs via the Grotthuss mechanism, 3, 11, 12 in which the excess proton is transferred by the breaking and forming of chemical bonds. Because of the rapid time scale and strong coupling of the structural evolution with proton * For correspondence † Dedicated to the memory of the late Professor Charusita Chakravarty.
transfer process, it is extremely challenging to study the process experimentally and computationally as well.
Despite several challenges, the excess proton solvation and transport have been studied extensively by experiments [13] [14] [15] [16] [17] [18] [19] and simulations. 4, Ultrafast high-resolution spectroscopy [13] [14] [15] [16] [17] [18] [19] and advanced computer simulation techniques, 4, [6] [7] [8] have enhanced our understanding of the proton transport mechanisms, particularly in the case of aqueous systems. The dynamical evolution of bonding topologies in terms of reorganization of water hydrogen bond (H-bond) network requires special attention for building a reasonable model to study proton transfer in aqueous solution. Because of the absence of bond breaking and bond formation features, classical molecular dynamics simulation does not allow to study proton solvation and transfer. On the other hand, in the case of ab initio molecular dynamics (AIMD) the explicit treatment of electronic degrees of freedom by the system Hamiltonian makes it one possible choice to study proton solvation and charge transfer more accurately. 20, 22, 24, 25, 27, 29, 33, 35, 37, [41] [42] [43] 45 However, the AIMD method comes with a very high computational cost which, thus, limits the system size and time scales that can be studied. In addition to this, the intrinsic approximations accompanying with the level of density functional theory (DFT) employed in AIMD can also give rise to unphysical consequences, particularly in the case of liquid water. 27, 43, 46, 47 However, despite these facts, the inherent capability of treating electronic polarization, chemical bondbreaking, and charge transfer by AIMD can provide significant information for parameterization of more efficient computational models. 36, 39 One such alternate approach based on the Multistate Empirical Valence Bond (MS-EVB) formalism has been shown to simulate excess proton solvation and transfer successfully while accurately capturing the essential physics and chemistry in different protonated systems. 4, 23, 26, 31, 40 The MS-EVB and AIMD studies together find that the Eigen cation is the predominant solvation structure in bulk water and that proton transfer happens via an Eigen-Zundel-Eigen mechanism. In case of Eigen configurations, it has been found from the earlier simulation studies that one of the three water ligands in its first solvation shell always prefers to be closer to the hydronium moiety than the other two and is termed as "special pair" water. 20, 32 It has also been found that before the proton transfer event, the "special pair" water interchanges its identity rapidly within the three first shell water molecules (the "special pair" dance). 32, 34 Recent AIMD data and the latest version of the MS-EVB model (version 3.2) both showed that "presolvation" (i.e., the hydronium is transiently solvated by four water molecules by accepting a weak hydrogen bond from the fourth water molecule) facilitates the proton shuttling and diffusion in aqueous solution. 33, 37, 43, 48 Since a water molecule typically forms four hydrogen bonds, in the pre-solvation picture, before the proton transfer happens, hydronium will also form four hydrogen bonds. This will create a similar solvation environment for both the hydronium and its nearby water molecules. 33, 37, 43 Thus, if the excess proton transfers from hydronium to any one of its nearest water molecules in the pre-solvated condition, the newly formed water molecule will have similar coordination number as in the bulk water. This pre-solvation concept can be well understood by the classic Marcus picture of proton transfer. 49, 50 In the Marcus picture, the free energy of the system along the (slow) solvent coordinate is similar before and after a proton transfer reaction so that the transition can happen in the (fast) proton transfer coordinate. In the present work, we further quantify the degree of pre-solvation using different structural parameters, e.g., a tetrahedral order parameter and average hydrogen bonds of proton donor and acceptor moieties.
The remaining sections of this paper are as follows: In section 2, we briefly discuss the method and the simulation details. Section 3 contains the main results of the present work, and conclusions are given in section 4.
Computational/theoretical

Theoretical framework of the MS-EVB model
It is a well-established fact that the delocalized nature of the excess proton charge or charge defect can be described by the MS-EVB approach in an efficient and accurate way. 23, 26, 31, 38 The complete description of the MS-EVB methodology can be found in earlier papers. 23, 26, 31 In this article, we summarize the few key features and advances in the case of the latest version i.e., MS-EVB 3.2.
In the MS-EVB formalism, for a given nuclear configuration, the ground state of the system |ψ is represented by a linear combination of different "basis states" |i corresponding to different bonding topologies:
where N is the total number of chemically motivated basis states and c i 's are the EVB coefficientsof i th basis states. The coefficients (c i ) can be obtained by solving the eigenvalueeigenfunction problem using the Hamiltonian matrix H, which comprises of matrix elements
Here, E 0 is eigenvalue corresponding to the ground state energy; c represents eigenvector whose components are the EVB coefficients as shown in Eq. (1). The diagonal elements h ii , contain terms that are, e.g., (though not necessarily 39 ) described by classical force fields 51 and are expressed as,
In addition to the functional forms of the intramolecular potential for hydronium (V intra H 3 O + ) and the intra-and intermolecular potentials for water (V intra,k has an additional Lennard-Jones (LJ) interaction between the hydronium oxygen and water hydrogens to incorporate the pre-solvation concept, i.e., to account for the weak hydrogen bond acceptor nature of hydronium oxygen as suggested by recent AIMD results. 33, 43 To explore the effects of anharmonicity in the water O-H stretching modes on the structural and dynamical properties, particularly on the vibrational spectrum of the hydrated excess proton, we have also developed the anharmonic version of the latest proton model i.e., aMS-EVB 3.2. 48 It is based on the flexible anharmonic water model aSPC/Fw developed by Park et al. 40 In addition to the MS-EVB 3.2 model, in this work, we have quantified the degree of pre-solvation in aMS-EVB 3.2 model as well.
Simulation details
The reactive molecular dynamics simulations using the MS-EVB 3.2 excess proton model were performed using a modified version of the LAMMPS 53 MD code. The simulation box consisted of 256 SPC/Fw 52 water molecules with an excess proton and a chloride anion. The parameters for chloride ion were obtained from Dang. 54 The system is first equilibrated in a constant NVT ensemble by keeping the density and temperature at 1.0 g/cm 3 and 298 K. The temperature was kept constant by using a Nosé-Hoover chain of three thermostats, 55 along with 0.5 fs time step and a relaxation time of 0.05 ps. The long-range electrostatics were calculated using Ewald summation with a relative error of 10 −5 in forces. 56 The cutoff value for the LJ interactions was set to 9 Å. Finally, the production data were collected with a constant NVE dynamics for a total length of 10 ns as obtained from 10 independent 1-ns long trajectories. In the case of aMS-EVB 3.2 model, we follow the same simulation strategy except in this case we use aSPC/Fw 40 water model.
Results and Discussion
The pre-solvation concept suggests that when two water molecules forming the special pair by solvating the excess proton structure have identical solvation environment, the proton can smoothly transfer from one water molecule to the other. This pre-solvation idea is very much similar to the Marcus picture of proton transfer, 49, 50 in which the free energy of the system along the solvent coordinate is comparable before and after a proton transfer event so that the transition can happen very easily in the proton transfer coordinate. In our earlier studies, we have shown that though the gas phase energy scan reflects an indication of the pre-solvation scenario, 57 it is not able to explain the exact path for the bulk phase. 43 The reactive molecular dynamics using MS-EVB approach can, however, capture the proton transfer events and the dynamical evolution of the solvation structures as well. In the case of reactive molecular dynamics simulation, after a proton transfer event, the acceptor water molecule can become hydronium moiety by accepting the excess proton. Thus, the atom index of each atom in the newly formed hydronium will be different from that of the old hydronium. In Figure 1 , we show the evolution of hydronium-like oxygen atom index in case of the MS-EVB 3.2 proton model. It is evident from the figure that the excess proton is fluctuating from one water molecule to another in very fast time scale.
In order to gain insight about the pre-solvation concept, we first examine the proton sharing parameter, δ, as shown in Figure 2 , and define a δ-dependent radial distribution function of hydronium oxygen and water hydrogen (shown in Figure 3 ). It is clear from the figure , that in the case of small δ, the radial distribution function shows small intensity around r ∼ 2.0Å, which corresponds to the fourth water molecules approaching towards hydronium oxygen.
To further quantify the solvation environment of the excess positive charge donor (hydronium) and the excess charge acceptor (special pair water), we analyze the local tetrahedral order parameter of the hydronium moiety and the special pair water separately. The local tetrahedral order parameter is described as, 
where, ψ jk is the angle formed by the lines joining the oxygen atom of the molecule under consideration and its nearest two oxygen atoms j and k. For perfect tetrahedral arrangement, t h reaches its maximum value of unity and for a non-interacting system, and the average value of t h is zero.
In Figure 4 , we show the angle distributions for both the excess proton models in case of δ < 0.1Å and δ > 0.4Å. It is clear from the figure that in the case of Zundel-like configurations (i.e., δ < 0.1Å) both the hydronium ion and the special pair water have almost identical solvation environment. However, in the case of the Eigen-like configurations the angle distributions of hydronium moiety are distinctly different from that of the special pair water. We also find that the average t h values of hydronium, and special pair water molecules for Zundel-like configurations are almost comparable (for MS-EVB 3.2 it is 0.72 vs. 0.69 and in the case of aMS-EVB 3.2, it is 0.71 vs. 0.68).
To further quantify the local structure around the donor oxygen and acceptor oxygen (as defined in Figure 2) , we calculate the distribution of total hydrogen bond (H-bond) number for each center. We use a geometrical definition of H-bond, i.e., the tagged proton of the O-H bond of interest is considered to have a hydrogen bond if intermolecular oxygen distance is less than 3.5 Å, and the angle between the intermolecular O-O distance vector and the O-H bond vector is less than 30
• . 59 In Figure 5 , we represent the hydrogen bond number distribution in the case of Zundel-like configurations and Eigen-like configurations having δ > 0.4Å. It is evident from Figure 5 (a) that in the Zundel-like configurations hydronium and special pair water have identical H-bond distributions. This reflects that when two water molecules equally share the proton, both the water molecules are experiencing similar solvation environments and as a result proton can transfer from one water molecule to the other by experiencing very small barrier. Thus, a pre-defined solvent orientation is highly coupled with the proton transfer events. This observation becomes more evident when we study the H-bond distributions for configurations with δ > 0.4Å (shown in Figure 5 (b)). From Figure 5 (b) it is clear that when the excess charge is more localized on the hydronium, the special pair water and hydronium have completely different local structure.
Conclusions
In our earlier work, we have already shown that the presence of 4 th water molecule, weakly H-bonded to the hydronium-like oxygen, actually facilitates the aqueous phase proton transfer process. In this work, we further quantify the extent of pre-solvation in proton transfer events by studying the solvent orientation and hydrogen bond numbers. The latest two new MS-EVB excess proton models have been studied for the presolvation picture. First, with the help of a proton sharing parameter-dependent (δ-dependent) radial distribution function, we show that the hydronium can indeed behave as a weak hydrogen bond acceptor. Furthermore, the local tetrahedral order parameter and angle distribution both suggest that, in Zundel configurations, the hydronium and special pair water have almost identical solvation structure. A similar conclusion is also supported by the δ-dependent H-bond distributions.
We therefore conclude from the present work that the hydrated excess proton transfer events in liquid water are even more highly coupled with local solvent orientations than previously thought. These results, while interesting in their own right, will also allow us to develop even more accurate reactive MD models and methods in the future for the excess proton in aqueous media.
